Objective: The most common reported seizure-precipitant is stress. We recently showed a biologic basis for stress sensitivity of seizures: cortisol levels in people with stress-sensitive epilepsy correlated with focal interictal epileptiform discharges (IEDs) on electroencephalography (EEG). Here we aimed to determine whether the effect of cortisol on the epileptic brain is global or focal, and whether cortisol affects all brains or just those of stress-sensitive people. Because epilepsy is associated with changes in functional brain connectivity, we studied the relationship between cortisol and changes in global and focal (node-centered) functional connectivity measures for individuals with stress-sensitive and non-stresssensitive epilepsy. Methods: Seventeen people with epilepsy underwent long-term (>24 h) EEG recording. During the first 5 h after waking, saliva was collected every 15 min for cortisol measurements. Theta-band functional connectivity was assessed for every 15 min of the recording. We calculated the average phase-lag index (PLI) between all channels as a measure of global functional connectivity. We used network Strength, the averaged PLI per channel, as focal functional connectivity measure. We correlated cortisol, global, and focal functional connectivity (Strength) with IED frequency using linear mixed models. Analyses were split for people with and without stress-sensitivity of seizures. Results: Cortisol was negatively correlated with global functional connectivity in people with stress-sensitive seizures (estimate À0.0020; P < .01), whereas not in those without stress-sensitivity (estimate À0.0003; P = .46). This relationship occurred irrespective of the presence of IEDs on a channel (channels without IEDs and stress-sensitivity: estimate À0.0019; P < .01, non-stress-sensitive À0.0003; P = .41). Global and focal functional connectivity were negatively correlated with IED frequency, irrespective of stress sensitivity of seizures or channel type. Significance: People with stress-sensitive epilepsy have a whole-brain neuronal response to cortisol that is different from that of people with non-stress-sensitive epilepsy. This offers a basis for understanding seizure genesis in stress-sensitive epilepsy, which might require a different treatment approach.
| INTRODUCTION
Many studies have reported stress to be a major seizureprecipitating factor in people with epilepsy. 1, 2 Cortisol is released by activation of the hypothalamic-pituitary-adrenal (HPA) axis in response to a stressor. 3 People with epilepsy have higher basal levels of cortisol than people without; the level further increases after seizures, in adults, 4, 5 but not in children. 6 Increased seizure frequency in people with epilepsy is associated with high cortisol levels. 5 Cortisol is released in ultradian pulses with a 1-2 h interval, 7, 8 and the peaks of these cortisol pulses are highest around awakening, and decrease in subsequent hours, resulting in a circadian release pattern. 7, 9 Animal studies have shown a higher sensitivity to seizure induction at the time of day with the highest cortisol secretion. 10 In humans, a well-documented diurnal occurrence of epileptic seizures shows similarities to the circadian rhythm of cortisol. 11 We recently correlated spontaneous ultradian and circadian variations in cortisol concentration with the frequency of interictal epileptiform discharges (IEDs) in individuals with focal epilepsy and found a positive correlation only in people who reported sensitivity of seizures to periods of stress. 12 This suggests a neurobiologic basis for stress-sensitive epilepsy. An outstanding question is how this interaction between cortisol and the epileptic brain takes place. The brain is organized and functions as a complex network. This justifies the characterization of the brain with network tools. These tools require two sets of input data to shape the networks: information at the level of nodes and information on the connections between pairs of nodes. In this study, we represented the nodes as electroencephalography (EEG) channels and the connections as the electrocortical synchronization between these channels. These representations provide us with functional networks covering the whole brain. 13, 14 Functional networks are typically characterized by the way they are organized, which may range from regular to random and differs across frequency bands. The functional network during ictal periods in people with epilepsy, compared to interictal states, has consistently been shown to be more regularly organized. [15] [16] [17] However, the organization of the interictal network is less clear. A recent metaanalysis suggested a less-integrated interictal whole-brain network, particularly in the theta frequency band, 18 but an increase in functional connectivity in different frequency bands was seen in people with epilepsy when compared to healthy controls. 19, 20 Functional connectivity allows the assessment of changes globally and focally in the brain. We hypothesized that cortisol influences the epileptogenic brain, expressed as a change in functional connectivity, which facilitates the generation of IEDs. We wondered whether this effect was indeed present, and if so, whether the effect on connectivity was found in all people or was restricted to individuals with stress-sensitive epilepsy. In addition, we wondered whether the effect was global (ie, involving all electrodes) or focal, potentially restricted to the brain area producing interictal epileptiform discharges. This comparison can clarify whether cortisol has its effect on all neurons or specifically on the epileptic tissue.
| MATERIALS AND METHODS

| The cohort
We used a previously reported cohort. 12 It consisted of 23 adults with an established diagnosis of focal epilepsy of variable etiology (Table 1 ) who underwent long-term (>24 h) EEG recording for either diagnostic purposes or presurgical evaluation. Those with frequent seizures (more than once every 5 h) or on oral contraceptive (due to its effect on cortisol levels) 12 were excluded. We retrospectively excluded patients with a seizure during the 5 h of saliva sampling, as seizures result in network alterations, and those with major artifacts in the EEG recording, resulting in 17 people for further analysis. Our ethical committee approved the study, and all patients provided written informed consent.
Key Points
• Relationship between cortisol and functional brain connectivity differs between people with and those without stress-sensitive seizures
• Cortisol might affect interictal discharges through an effect on global functional connectivity 21 A rodent study has shown a strong correlation between fluctuations in peripheral and brain corticosteroid levels. 22 Sterile Salivettes (Starstedt, Etten-Leur, The Netherlands) cotton swabs were used, and at sampling times the subject chewed one for 2 min. No food or drinks were consumed in the 5 min before or during sampling. To avoid contamination of saliva, subjects were asked to rinse their mouth with water 5 min before sampling after any food intake. 23 Salivettes were stored at À9°C for one to 4 days, after which they were centrifuged for 10 min at 3000 rpm. Storage until further analysis was at À20°C. Cortisol levels were measured without extraction with an in-house competitive radioimmunoassay using a polyclonal anticortisol-antibody (K7348) and [1, [2] [3] H(N)]-hydrocortisone (PerkinElmer NET396250UC) tracer. 24 All samples from a subject were analyzed in the same batch.
| Stress-sensitivity of seizures
Subjects completed a questionnaire, including a "yes" or "no" question on whether they experienced more seizures in periods of stress. 6 Subjects who answered with "yes"
were considered to have stress-sensitive seizures. A previous comparative study on questionnaire and diary data regarding stress sensitivity of seizures revealed that both methods yield comparable results. 6 Hence, we selected the approach with the lowest burden for participants.
| Antiepileptic drug withdrawal and experienced stress
In individuals in whom medication was tapered before or during a presurgical 5-day EEG recording, the experiment was performed on the third and fourth day to minimize interference of change in antiepileptic drug (AED) dosage and to minimize the effect of stress caused by the admission. During the time of the experiment, activities were documented every 15 min and individuals provided a subjective stress score on a visual analogue scale (VAS) ranging from "no stress" (0) to "the most severe stress I have ever experienced" (10).
| EEG and epoch selection
The EEG was recorded with 32 scalp electrodes, placed according to the 10-20 international system, referred to a G2 electrode (placed between Cz and Fz) and referenced to an average montage for further analysis. Signals were sampled at 256 Hz, except for 4 subjects, who were sampled at 1024 Hz. Data of the 1024 Hz EEG studies were downsampled to 256 Hz using Matlab for further analysis. Only standard electrodes were used for analyses, Fz, F3, F4, F7, F8, Cz, C3, C4, Pz, P3, P4, T3, T4, T5, T6, O1, and O2 (Fp1 and Fp2 were excluded due to their high sensitivity to eye-movement artifacts). We selected epochs with eyes open, as subjects did not receive specific instructions to close eyes for these diagnostic or presurgical recordings. We chose to select 4-s epochs (each containing 1024 samples), to have sufficient signal to accurately determine the phase synchronization between channels. The epochs were selected in a time range of 7.5 min before to 7.5 min after every saliva sampling. Epochs with as few artifacts as possible were selected, according to the following procedure. First, we made a preselection of all possibly usable epochs per time range of saliva sampling, excluding evident movement, eye-movement and eye-blink artifacts, wide-spread muscle, and epileptiform spikes. Selections with minor artifacts, which we considered usable although suboptimal, were given a special mark (see below). Epochs were visually selected by one of the authors (JdH) and verified by an experienced neurologist (MZ). For the eventual analysis, we chose the four epochs closest to sampling time that were marked as artifact free. If <4 artifact-free epochs were available, we chose the first available epochs from time of sampling that were marked as suboptimal up to a total of four epochs. If within the total time range, <4 epochs were available, with a minimum of one epoch, we still considered this a viable timeslot and continued to use these in further analyses. Two randomly selected epochs of nine subjects are given as examples in the supporting information, published online only.
Selected epochs were exported from Micromed System Evolution Plus. Analysis of functional connectivity was done using Brainwave (ver. 0.9.133.1; authored by CJ Stam) and further statistical analysis using SPSS (ver. 23).
| Interictal epileptiform discharges
We determined the frequency of IEDs as described previously. 12 In short, IEDs were defined as spikes or sharp waves (including single spikes, polyspikes, spike-and-slowwave complexes, sharp-and-slow-wave complexes, and single sharp waves) with an evident epileptiform pattern. IEDs were counted per 7.5 min and then divided by 7.5 to get an average IED frequency per minute. IED frequency was calculated across channels. We distinguished channels with and without IEDs per subject, judged by an epileptologist (MZ).
| Functional connectivity
Functional connectivity is based on statistical interdependencies between signals, as reflected by the synchronization of two temporal time-series. The connectivity measure phase lag index (PLI) 25 was used to compute a functional network from every epoch, based on the synchronization of any pair of electrodes. This index ranges from 0 to 1, in which a higher number indicates a stronger synchronization, enabling us to create a weighted network. For details see. 25 We chose to investigate primarily the theta band, but looked at the other frequency bands in a post hoc analysis, with filters set to delta (0.5-4 Hz), theta (4-8 Hz), alpha 1 (8-10.5 Hz), alpha 2 (10.5-13 Hz), and beta (13) (14) (15) (16) (17) (18) (19) (20) . Because the EEG signal contained superimposed muscle activity, we chose not to investigate frequencies >20 Hz. 26 
| Network analysis
We used the global PLI, calculated by averaging all PLIs per channel, to determine global functional connectivity of selected epochs, where a higher PLI indicates a higher global functional connectivity. We used Strength as a nodecentered measure of functional connectivity, by averaging the PLI of that certain electrode in relation to all other electrodes. Global PLI and Strength per electrode of the 4 epochs per time of sampling were averaged.
| Statistical analysis 2.5.1 | Time lag analysis
We first explored whether there was a time lag effect between cortisol and PLI by doing a cross correlation with shifts of 15 min (for every cortisol sample), as we expected a potential delayed relationship between hormonal release and functional brain modifications. We evaluated only positive time shifts, in which cortisol precedes changes in functional connectivity Strength, given the expected directionality of correlations. We did this by averaging the absolute cross correlation coefficient over all subjects per time lag. We would expect a time lag to have a similar biologic mechanism over all subjects; therefore we explored whether a significant shift was found over all subjects and continued further analyses applying that time lag. We did not perform a time lag analysis for the possible relationship between PLI and IED frequency, as we did not have a physiologic rationale to support such a delay and we aimed to limit the number of comparisons performed.
| Cortisol and functional connectivity
We investigated the relationship between changes in cortisol and average PLI, as proxy for global functional connectivity, to see whether cortisol influences the wholebrain functional network. Due to the interindividual variation in cortisol concentration, we applied a linear mixed model (LMM) with "subject" as a random factor, including the intercept of the random effects, to correct for this interindividual variation, and "cortisol" as fixed factor. We compared subjects with and without stress sensitivity of seizures, by stratifying our data for both groups. We verified our results with bootstrapping, a statistical test that is less influenced by outliers, to check the robustness of a model. We did this for all the following tests.
We investigated the relationship between cortisol and Strength per channel, calculated as the average PLI of that channel with every other channel, with a similar LMM.
To see whether the effect of cortisol on functional connectivity was specific for channels with IEDs, we calculated an average Strength of all channels that contained IEDs for all subjects individually ( Figure S1 ). We then grouped these newly calculated PLIs to continue analysis with an LMM. We did the same for all channels without IEDs per subject.
| Functional connectivity and interictal epileptiform discharge (IED) frequency
We investigated the relationship between average PLI of the network and IED frequency using an LMM. In accordance with our hypothesis, that a change in functional connectivity facilitates the generation of IEDs, we used IED frequency as the dependent variable, subjects as the random identity factor with intercept included, and PLI as fixed factor.
To see whether node-centered changes in connectivity might influence the IED frequency, we also looked at Strength per channel in relationship to IED frequency, with similar LMMs.
We analyzed the PLI in relation to IED frequency of subject-specific channels containing IEDs or not (LMM).
We considered P-values of <0.05 significant. We did not correct for multiple comparisons.
| RESULTS
| Clinical characteristics
Six individuals were excluded, four due to close seizures and two due to excessive electrographic artifacts. Seventeen people (age 39 AE 15 years, 10 male, 7 female) were included, of whom six reported stress-sensitive seizures ( 
, apart from one (subject 8, timeslot 13).
The averaged values over all 17 subjects were the following: cortisol 13. 
| Time lag analysis
The highest absolute cross correlation averaged over all subjects (mean = 0.24) was found when cortisol led PLI by two timeslots, meaning PLI based on epochs selected between 22.5 and 37.5 min after saliva sampling. We continued the analysis with this time lag.
| Cortisol and global functional connectivity
We found a negative association between cortisol and averaged PLI, meaning a decrease in global functional connectivity in the window of 22.5-37.5 min after cortisol increased. After stratification for stress sensitivity of seizures, this association remained in the group that reported stress-sensitivity (Table 2; Figure 1 ). After bootstrapping the linear mixed model, as a verification of robustness of the model, significance remained unchanged. Some PLI averages seemed remarkably high; after removal of these epochs from analyses, significance remained unchanged.
| Cortisol and Strength per channel
In all 17 channels, we found a negative relationship between cortisol and Strength, of which six were significant in the total group. After splitting individuals based on their stress sensitivity, the stress-sensitive group yielded 14 channels with a significant relationship, whereas none of the channels in the stress-insensitive group showed a significant relationship (Figure 2 ).
| Cortisol and average Strength of subject-specific channels with and without IEDs
A significant negative relationship between cortisol and averaged Strength was observed for all subject-specific channels with IEDs and for all channels without IEDs ( Table 2 ). This suggests that the relationship between cortisol and functional connectivity is not specific for brain regions showing IEDS, but the effect on the brain is global. After stratification for stress sensitivity of seizures, only the stress-sensitive group showed a significant relationship. After bootstrapping, significance did not change.
| Functional connectivity and interictal epileptiform discharge (IED) frequency
We found a negative relationship between average PLI and IED frequency (time lag 0). After stratification for stress All four models were also stratified for stress sensitivity of seizures. Relations are shown for the following: (1) cortisol as predictor and average PLI (with lag+2) as dependent variable-average PLI is a measure for global functional connectivity; for (2) cortisol as predictor and average Strength (lag+2) of subject-specific channels with and without IEDs as dependent variable; for (3) average PLI as predictor and IED frequency as dependent variable; and for (4) average Strength (lag+2) of subject-specific channels with and without IEDs as predictor and IED frequency in general as dependent variable. "IED channels" represent the column in which the average Strength of only the channels with IEDs per subject are used. These averaged Strengths per subject are then again taken together for all subjects. The same is done for "No IED channels," but with all channels without IEDs per subject (see Fig. S1 for a schematic with explanation). Bold numbers indicate a significant association.
sensitivity of seizures, both groups remained significant (Table 2) . After bootstrapping, only the total group remained significant. In all 17 channels, we found a negative relationship between Strength (PLI per channel) and the general IED frequency per subject in the same time slot, of which 8 channels were significant in the total group. After splitting individuals based on their stress sensitivity, the stress-sensitive group yielded four channels with a significant relationship while four other channels showed a significant relationship in the stress-insensitive group (Fig. S2) . The negative relationship between Strength and IED frequency remained for (subject-specific) channels with and without IEDs ( Table 2) . After stratification for stress sensitivity of seizures, only in the group without IEDs, the stress-sensitive subjects marginally lost significance (P = .06). After bootstrapping, only the total group with Strength of channels with IEDs remained significant.
| DISCUSSION
| Cortisol and functional connectivity
We found a decrease in theta band average PLI with increased cortisol levels in people with stress-sensitive focal epilepsy. A decrease in average PLI reflects a decrease in global functional connectivity. Similarly, when looking at node-centered functional connectivity, we found several channels decreased in Strength as cortisol increased. When differentiating between channels with and without IEDs on a subject-specific level, the negative correlation between cortisol and Strength persisted in both groups of channels. Functional connectivity negatively correlated with IED frequency, without the differentiation between stress sensitivity or not. In our previous study of the same cohort, we found a positive correlation between cortisol level and IED frequency, only in people with stress-sensitive seizures. 12 In other words, cortisol in its natural daily rhythm affects global and local functional connectivity measures of the whole brain, irrespective of the irritative zone, in people with stress-sensitive epilepsy, which could facilitate the generation of IEDs and maybe seizures. The exact mechanism by which cortisol could affect functional connectivity is unclear. Cortisol is known to influence neuronal functioning, including neuronal excitability, in a time-and region-specific manner. 27 Stress hormone levels and their receptor distribution have been shown to affect coupling of specific brain regions. 28 In moments of stress, a readiness of the brain is induced as part of the fright-fight-flight response, which can vary in intensity among people. 29 One could hypothesize that this response is intensified in people with stress-sensitive seizures. This results in three possible explanations of our | 185 findings: first, the variation is normally divided in a general population. If someone is at the sensitive end of the spectrum, and also happens to have epilepsy, they could be more prone to stress-sensitive seizures. Second, people with stress-sensitive seizures have different disease etiology. There is increasing evidence for a genetic substrate of epilepsy, although no differentiation has been made yet for stress sensitivity of seizures or not. 30 For other brain disorders, early life stress exposure and genetic variability in genes coding for stress hormone receptors have already been shown to moderate disease susceptibility. 31 Third, early life stress induces a change in functional connectivity or a different response of functional connectivity to stress. 32 An association between early life stress and stress sensitivity of seizures has been shown previously. 33 Most studies comparing people with epilepsy in the interictal state with healthy controls reported higher functional connectivity in epilepsy. 19, 20, 34, 35 An increase in theta band functional connectivity was associated with seizure frequency in tumor-related epilepsy. 36 One could speculate that increased functional connectivity in epilepsy is somehow a protective mechanism against seizure generation, which fails in a stress-sensitive subset of subjects as cortisol increases. There is evidence for the hypothesis that desynchronization takes place accompanied by a reduction of IEDs prior to seizure onset. 37 In the stress-sensitive subset, the decrease in global functional connectivity as cortisol increases could be a first expression of sensitivity to seizure generation. It should be noted that any causality, let alone a directionality, is open for debate. It could also be speculated that it is the fluctuation in cortisol that facilitates an effect, irrespective of whether it is an increase or decrease.
In time lag analysis between cortisol and PLI we found an optimal correlation when cortisol leads PLI by 22.5-37.5 min. A delayed effect of cortisol on PLI might be explained by the delayed cellular effect of cortisol in the brain. Cortisol has rapid and slow effects on neuronal cells, varying from minutes to hours after increase. 27 This time lag, however, is incongruous with the time lag of 15 min between cortisol and IEDs found earlier. 12 A possible explanation could be an overestimation because of the small sample size. In the cross-correlation analyses of cortisol and average PLI, time lags between 0 and 22.5 min were also significant. Repetition in a larger cohort is necessary.
4.2 | Cortisol, functional connectivity, IED frequency, and stress-sensitivity of seizures EEG-function magnetic resonance imaging(fMRI) studies showed network changes prior to IEDs, suggesting that it
Visualization of all used EEG channels, showing the relationship between cortisol and Strength (PLI per channel), split for those reporting stress-sensitive seizures (left) and those who do not (right), with data of all subjects per group combined. The colors indicate significance (dark orange = P < .01; light orange = P < .05), light gray has a negative relation with P > .05, and dark gray has a positive relation with P > .05. L = left. R = right. In stress-sensitive subjects all channels showed a negative relation, which was significant in most cases. Channels with a maximum amount of spikes for stress-sensitive subjects were F3, F7, F8 twice, and T7 twice. Channels with a maximum number of spikes for non-stress-sensitive subjects were F7 three times, F8 four times, T7 once, and T8 twice. A comparable relationship was absent in non-stress-sensitive subjects might be the change in functional connectivity that facilitates IED. [38] [39] [40] [41] Furthermore, a relationship between changes in EEG network topology and the IED frequency was found. 41 Whether IEDs in turn affect functional connectivity is under debate. We found a stress-sensitivity driven correlation between cortisol and IED frequency and functional connectivity and an overall correlation between functional connectivity and IED frequency, irrespective of stress sensitivity. Thus we hypothesize that the influence of cortisol on global functional connectivity mediates the effect of cortisol on IED frequency in people with stress sensitivity of seizures. We acknowledge that our results cannot be conclusive in the debate of the directionality of the relationship between functional connectivity and IED generation.
| Study design and limitations
Our study has some limitations. First, we cannot generalize to resting state EEG recordings. 13 Subjects did not receive instructions to (periodically) keep their eyes closed, thus we had to select eyes-open epochs. The eyes closed condition is more stable over sessions when quantifying EEG parameters than the eyes open condition. 42 Because subjects were free to move, the EEG studies also contained many movement, muscle, and blinking artifacts. We tried to overcome this by careful epoch selection. Second, epochs were restricted to 4 s to keep this identical over all subjects, as epoch length can influence the connectivity measure. 43 PLI might be overestimated in epochs <12 s, although the variance seems similar at 4 s and should thus be reliable to register a change in PLI in successive measurements. 44 The equipment used recorded the EEGs at 256 Hz, which might influence connectivity measures. 45 Retrospectively, we reassessed the selected epochs by random sampling. Artifacts in the used epochs were mostly caused by muscle activity, which largely influences frequencies >20 Hz 26 and are thus unlikely to influence theta band results. There were no eye blinks and only sporadic eyemovement artifacts, without an evident difference in incidence between beginning and ending of registration. Any influence of these would be approximately similar over the whole registration and should thus have no effect on our long-term analysis. Subjects could be more active during the day, thereby confounding successive measurements, although this would not explain the differences between subjects reporting stress sensitivity of seizures or not. Third, saliva sampling is limited in registering shortterm changes. We expected to find a clear pulsatile pattern sampling with 15-min intervals, as the ultradian pattern is 1-2 h. 7, 8, 46 The patterns showed large inter-individual variations and no obvious ultradian pulsatile pattern in all people, although all showed a descending trend in concentration over the 5 h after awakening. Fourth, the experience of an epilepsy monitoring unit admission could induce stress. Measurements were performed at day 3-4 after admission, so acute admission stress is unlikely. Reported subjective stress scales did not show unexplained fluctuations. 12 Fifth, because the underlying substrates were very diverse, the brain lesions could confound the measures of synchrony. However, we found both global and local effects, and these local effects were not restricted to channels showing IEDs. In addition, we compared all channels with IEDs to all channels without IEDs and found no clear difference.
Finally,, we did not have a control group, and the influence of cortisol on functional connectivity in the healthy brain has yet been investigated. Despite these limitations, we consider this investigation to be a valuable incentive for further exploration of graph theoretical changes in the epileptic brain caused by cortisol and stress, and their consequence for seizure sensitivity.
| Future work and conclusion
Considering the cortisol peak around awakening, it would be interesting to investigate further how these findings relate to specific epilepsy syndromes whose seizure occurrence can have strong relationships with the sleep-wake cycle, such as juvenile myoclonic epilepsy and nocturnal frontal lobe epilepsy.
Future study in larger cohorts, including healthy subjects, and comparing cortisol levels to seizures and other EEG phenomena is needed to help interpret these findings. The effect of cortisol on the brain in people with stresssensitive epilepsy underscores that this entity differs from non-stress-sensitive epilepsy in its system-level etiology. This group might profit from a different therapeutic strategy, which requires large cohort therapy-response studies. 
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